~" Light and electron microscopic analyses were carried out on the stimulated and unstimulated paravermal cortices of six rhesus monkeys that had electrodes implanted on their cerebella for 2 months. The electrodes and the stimulation regime (10 p.p.s.: 8 min on, 8 min off) were similar to those used to stimulate the human cerebellum for treatment of certain neurological disorders. Mere presence of the electrode array in the posterior fossa for 2 months resulted in some meningeal thickening, attenuation of the molecular layer, and loss of Purkinje cells immediately beneath the electrode array. There was no evidence of scarring. After 205 hours of stimulation (7.38 X 106 pulses) over 18 days, a charge of 0.5 ~tC/ph or estimated charge density of 7.4 #C/sq cm/ph resulted in no damage to the cerebellum attributable to electrical stimulation per se. Such a charge/phase is about five times the threshold for evocation of cerebellar efferent activity, and might be considered "safe" for stimulation of human cerebellum. Charge density/phase and charge/phase were directly related to increased cerebellar injury in the six other cerebellar cortices stimulated. Leptomeningeal thickening increased with increased charge density. Injury included severe molecular layer attenuation, ongoing destruction of Purkinje cells, gliosis, ongoing degeneration of myelinated axons, collagen intrusion, and increased levels of local polysaccharides. In all cases, even wffh damage that destroyed all conducting elements beneath the electrodes, there was no damage further than l to 2 mm from the edges of the electrode arrays. KEY WORDS 9 cerebeilar damage 9 neuroprostheses 9 neurostimulation 9 epilepsy 9 cerebellum 9 cerebellar electrodes T
T HE recent use of chronic stimulation of the human cerebellar cortex for the treatment of otherwise intractable neurological disorders, such as epilepsy and dystonia, 2-',~ has led some investigators to question the advisability of placing such electrical prostheses in the posterior fossa because of evidence of extensive neural damage found in experimental animals? ,18 It is known that very low levels of charge from platinum discs placed on the pia of the suprasylvian gyrus in the cat will result in neuronal damage? However, it is not known whether the charge levels reported as injurious to underlying neurons would apply to the human cerebellar cortex, which has a much thicker pia mater, a thicker molecular layer, and more electrolyte in the subarachnoid space. 8 The extent of neuronal damage attributable to chronic stimulation of the human cerebellar cortex is difficult to assess for the following reasons: 1) the stimulated cerebella are not available until after the death of the patients; 2) such patients often have cerebellar damage as a cause or a result of the neurological disorder being treated; and 3) the stimulation regime used in cerebellar prostheses is usually not well controlled or quantified.
Gilman, et al., 6 designed a study to assess the cerebellar damage resulting from 205 hours of electrical stimulation at 2.4 microcoulombs per phase (pC/ph) to a monkey cerebellum using stimulation parameters similar to those used in humans? They reported widespread neuronal damage extending beyond the region of the electrode array and indicating progressive nerve damage TM which would eventually render the prosthetic device unsafe and ineffective. The present study was designed to evaluate the extent of neural damage resulting from a wide range of charges (0.5, 2.4, 4.8, 10, and 22 pC/ph) delivered for 205 hours by a commercially available neurostimulator with stimulation parameters (1 msec charge-balanced asymmetrically-biphasic pulses at 10 pulses per second (p.p.s.) used in clinical trialsY Our results indicate that the paravermal cortex of the monkey may be activated by charges as low as 0.1 pC/ph (1.47 pC/sq cm/ph) and that charges five times higher (0.5 pC/ph) will produce no damage other than that caused by the presence of the electrode array on the cerebellar surface for 2 months. The studies reported in this paper detail light and electron microscopic analyses of the cerebellar histopathology and neural damage found in the monkey brain beneath the electrode sites and of the cerebellar tissue remote from the sites of electrode placement.
Materials and Methods
For the studies we used six rhesus monkeys (Macaca mulatta) each weighing between 4.3 and 4.7 kg.
Electrode Implantation
Electrode pairs were placed bilaterally over the paravermal cortices. In Monkeys 5, 6, 7, 31 , and 34 all the electrodes consisted of twodisc arrays (each disc 6.8 sq mm) embedded in a Silastic pad,* identical to the system used by Gilman, et al. 6 In Monkey 81, a smaller electrode array (each disc 3.4 sq mm)* was placed over the right paravermal cortex and a standard electrode array (each disc 6.8 sq mm) was placed on the left side. The stimulated and unstimulated electrodes are indicated in Table 1 . Details of the surgical techniques used for implantation of these electrodes are given in a previous paper? The monkeys were then placed in primate restraining chairs for 3 to 4 weeks before stimulation.
Stimulation
Charge-balanced asymmetrically-biphasic pulses of 1 msec duration, 10 p.p.s., were delivered for 8 minutes, followed by 8 minutes without stimulation for 18 days, resulting in a total of 205 hours of stimulation at 10 p.p.s., or a total of 7.38 • 106 pulses. The total number of pulses was identical to that reported by Gilman, et al. 6 More details about the neurostimulator used and the electrode performance during chronic stimulation were reported previously? The respective charges per phase and estimated charge densities per phase are listed in Table 1 . The course of changes in the charges per phase over the 18 days of stimulation are plotted in Figs. 1 and 2.
Fixation
Within 24 hours after termination of chronic stimulation, general anesthesia was induced with 35 mg/kg sodium pentobarbital, artificial respiration induced, and the thoracic cavity was opened. Heparin (20,000 units) was administered intravenously with 1 ml of 1% sodium nitrite. We then gave 4000 ml of a mixture of 1.25% glutaraldehyde and 1% paraformaldehyde in 0.12 M phosphatebuffer at pH 7.2 to 7.4 through the ascending aorta, the descending branches of which were closed. The head was then removed and cooled for 4 hours at 4 ~ C. The skull and recording electrodes were carefully dissected away, leaving the stimulating electrodes over the cerebellum in place. Photographs of the *Two-disc electrode array, Avery electrode Model XE-350, and electrode array, Model XE-350-1, manufactured by Avery Laboratories, 145 Rome Street, Farmingdale, New York. 1 . Plot of the actual charge delivered to the right cerebellum in five different monkeys. The abscissa represents the number of days of stimulation during which each monkey received 1 msec charge-balanced asymmetrically-biphasic pulses at 10 pulses/second for 8 minutes on and 8 minutes off. The total number of hours of on-time was 205 and the total current flow in the leading positive phase was 738 seconds (for 7.38 X 10 e pulses). The increase in charge during the first few days of stimulation is due to a drop in access resistance at the electrode-tissue interface, possibly from "cleaning" of organic material which had adhered to the electrode for the month after implantation, or from roughening of the electrode from platinum erosion which would increase the real surface area of the stimulating electrodes. cerebellum were made and the brains were placed in more fixative for 12 hours.
The electrodes were lifted away from the cerebellar surface under the dissecting microscope. Special care was taken to inspect the degree of meningeal encapsulation of the electrode array. Slices 1 mm thick were made through the cerebellum beneath the electrode sites in sagittal planes (see Fig. 3 left) . The slices immediately lateral and medial to the center plane were used for light microscopy. These were imbedded in paraffin and large 5-# sections were made and stained with hematoxylin and eosin, to study cell bodies, luxol blue-periodic acid Schiff, to study polysaccharides, and phosphotungstic acid hematoxylin to study astrocytes. Weil stains were made to study the condition of myelin in the cerebellar fibers. Numerous samples remote from the electrode sites of both hemispheres were examined in detail sufficient to determine the distribution of damage beyond the immediate vicinity of the cerebellar electrode arrays.
Blocks from the center slice (see Fig. 3 left) were taken for processing and analysis by electron microscopy, as shown in Fig. 3  right) . The blocks were secondarily fixed with buffered 1% osmium tetroxide for 2 hours, dehydrated in graded concentrations of ethanol, and embedded in Epon resin 812. Thick sections were made for orientation and thin sections were placed on "'slotted" grids so that a continuous path from electrodebrain interface down to foliar white matter could be examined. Montages were constructed from serial micrographs made with the Siemens 1A microscope.t
Results

Gross Examination
In every monkey the leptomeninges overlying the electrodes were thickened. The meningeal reaction, however, was usually markedly greater around the stimulated electrodes and the intensity of the reaction was directly related to the charge delivered. Figure 4 provides a comparison of the different degree of encapsulation resulting from the lowest (0.5 uC/ph) and the highest (22 uC/ph) level of stimulation. In both cerebella shown in Fig. 4 , the Silastic-insulated leads from the electrodes are partially embedded in the cerebellum. In a similar manner all the Silastic-coated electrode arrays compressed, to varying degrees, the underlying molecular layer. In one instance (Monkey 34, control electrode) there was a slight indication of prior bleeding from small pial vessel. There were no other gross alterations in the structure of the cerebellum. 
Light Microscopy
The control (unstimulated) electrode sites were virtually the same for the entire series of monkeys studied (Table 1 ). There was a mild attenuation of the molecular layer and a decreased number of Purkinje cells immediately subjacent to the electrode. At the edges of the control site there was a slight compressive effect. There were occasional giant cells in the thickened pial membrane. The Purkinje cells which were residual were "lop-sided" and flattened (Fig. 5) .
Changes in cerebellar cortex on the stimulated side varied directly with the amount of charge delivered to the cortex. In Monkey 5 (0.5 #C/ph) there was thickening of the leptomeninges, attenuation of the molecular layer, and loss of Purkinje cells under the electrode array. These changes were similar to those seen under the unstimulated electrode array. There was no apparent loss of Purkinje cells in regions remote from the electrode sites. Monkey 31 (2.4 uC/ph) showed thinning of the molecular layer and loss of underlying Purkinje cells, but no reactive astrocytes or leukocytes (Fig. 6) . The stimulated cerebellum of Monkey 31 resembled the control side as judged by light microscopy, although, as will be described later, electron microscopy revealed damage beneath the stimulating electrodes of Monkey 31, probably attributable to the stimulation per se.
The cortical tissues of Monkey 34 (4.8 #C/ph) showed changes similar to those of Monkeys 5 (0.5 gC/ph) and 3I (2.4 uC/ph). However, there were also a few reactive astrocytes in the underlying foliar white matter. Since Monkey 34 received twice the charge of Monkey 31, we expected to find greater damage than we did. Stimulation of the left paravermal cortex in Monkey 81 repeated the conditions of Monkey 34 and much more damage was found ( Table 1) Purkinje cells are present. Note lack of any reactive cells in or over the molecular layer beneath the electrode. Luxol blue-PAS, X 280. tissues exposed to identical chronic stimulation at 4.8 ~tC/ph indicate that there may be a considerable degree of variability in the amount of damage resulting from a given stimulation regime.
The most obvious alterations seen by light microscopy were in Monkeys 6 (10/~C/ph) and 7 (22 uC/ph). In both monkeys, there was a dense leptomeningeal thickening which was more than an overlying capsule. The extensive proliferation of fibroblasts mixed with chronic reactive leukocytes filled the subarachnoid space beneath the electrode array and fused with the pial glial membrane. The granule cells of the underlying folia were decreased in number, and scattered astrocytes were present in the m a r k e d l y thinned molecular layer (Fig. 7) . New capillaries were interspersed with new and older fibroblasts. The reactive leukocytes consisted of lymphocytes, macrophages, and eosinophils. The stimulated cerebellum of M o n k e y 7 (22 ~tC/ph) exhibited all the changes seen in M o n k e y 6, but with greater degree of alterations in the tissues beneath the stimulating electrodes. There were numerous new capillaries in the thick leptomeningeal layer, the molecular layer, and as deep as the granule cell layer (Fig. 8) . Reactive astrocytes were seen also in parts of the granule cell layer. However, these severe reactions and damage were not seen outside an area 2 mm from the electrode array.
Electron Microscopy
All blocks taken from the sagittal slice reserved for electron microscopy were thicksectioned (1 #) and stained with toluidine blue. Obvious alterations such as those seen in Monkeys 6 and 7 could also be observed in these Epon-embedded sections. (Fig. 9) . There was some increase in glial processes in the superficial molecular layer, especially adjacent to the pial glial membrane, but the scarification was not limited to this narrow region. The gliosis appeared scattered with wide expanses of the molecular layer free of the scarring. Occasional dense masses of glial fibrils would occur amid spines and synaptic components of the Purkinje cell dendrites and granule cell axon interconnections (Fig. 10) . Such masses were not seen in either control tissues or in the molecular layer under the stimulating electrode of Monkey 5.
In Monkey 31 (2.4 #C/ph) reactive alteration of the glial matrix was also seen in much deeper strata. Comparison of Fig. 11 , which reveals the appearance of a typical Purkinje cell from the control side, and Fig. 12 , which shows a Purkinje cell from the stimulated side, illustrates some of the abnormalities induced by electrical stimulation. The neuron on the control side has a delicate cell surface Tissue response to cerebellar stimulation Fro. 9. Monkey 31 (2.4 #C/ph). Electron micrograph shows the stimulating electrode bed, beneath which are proliferated fibroblasts and bundles of collagen (arrows). The collagen bundles lie immediately over the molecular layer. There is no effective subarachnoid space at this site. • 10,500.
with non-reactive cytoplasmic components, numerous nearby basket cell processes, and rare glial slips adjacent to the cell surface (Fig. 11) . The companion cell (Fig. 12) under the stimulated electrodes, shows numerous lysosomes and autophagic vacuoles in the Purkinje cell cytoplasm and profuse astrocytic processes containing extensive leashes of glial fibrils which closely surround the cell.
Acute Purkinje cell death is depicted in Fig.  13 . The extent and depth of glial reaction to the stimulation are revealed in the section taken from Monkey 31 (2.4/~C/ph), rather deep in the granule cell layer (Fig. 14) . The gliosis is obviously replacing and interfering with granule cell dendrites and their relationship to mossy fiber endings. Moreover, in the same figure a myelinated axon can be seen undergoing degeneration.
While all elements of the cerebellar circuitry are present (although obviously interfered with) at the ultrastructural level in Monkey 31 (2.4 #C/ph), cortex exposed to higher currents (such as in Monkey 7, 22 #C/ph) exhibit an extraordinary fibrous and glial response. The molecular layer shown in Fig.  15 was taken from a 1-mm core directly beneath the stimulating electrode array of Monkey 7 (22 ~C/ph). This segment of the involved cerebellar cortex shows no conducting elements, but consists of compact masses of astrocytic processes and fibrils.
Other Microscopic Observations
In Monkey 81, which received bilateral stimulation at 4.8 #C/ph to electrodes of different sizes, the extent of damage was greater beneath the smaller electrode pair (each disc 3.4 sq mm) than the damage beneath the larger electrodes (each 6.8 sq mm). Since the charge density (141 #C/sq cm/ph) to the right electrodes was approximately twice that to the left electrodes (70.6 # C / s q cm/ph) it supports the hypothesis that charge density is perhaps a more relevant parameter for predicting eventual neural damage. This conclusion is further supported by comparing in Table l the damage found under the smaller electrodes of Monkey 81 with the stimulating electrodes of Monkey 6, both of which received comparable charge densities (141 and 147 #C/sq cm/ph, respectively) but much different charges/phase (4.8 and 10.0 uC/sq cm/ph, respectively). The extent of damage is very similar.
A region of cerebellum remote from the severe damage found under the small electrode pair of Monkey 81 (141 #C/sq cm/ph) is illustrated in Fig. 16 . There is a normalappearing cerebellar structure, indicating that even with severe destruction of cerebellar elements beneath a stimulating electrode, other regions of the cerebellum remain intact.
Although there were enlarged vessels at all cerebellar sites stimulated at 2.4 ~C/ph or greater, in no case was there evidence of endothelial proliferation (that is, no layering of the capillary wall) that might reduce blood flow or vascular dynamics.
Discussion
In the application of electroprostheses for the cerebellum used to ameliorate certain neurological disorders, it is necessary that the electrical stimulation be sufficiently high to activate neural elements of the cerebellum but also be low enough to avoid electrolytic cell damage. The present study was designed to evaluate the types and extent of reaction of the monkey cerebellum to long-term current flow similar to that used in man. The only charge level used in our experiments that did not result in detectable ultrastructural changes was 0.5 #C/ph or approximately 7.35 #C/sq cm/ph. Charges and charge densities that are known to be used currently in commercially available human cerebellar neurostimulators destroyed neurons and fibers in the monkey cerebellum after periods as short as 205 hours of stimulation over 18 days. These results indicate that repeated use of human neurostimulators without careful attention to the charge densities being delivered will destroy the conducting elements of the cerebellum and eventually render the implanted cerebellar prosthesis ineffective.
Since it has been shown that a charge as low as 0.1 #C/phase was sufficient to activate cerebellar efferent activity, 1 the finding that a charge of 0.5 #C/phase does not injure the cerebellum is very important. It indicates that it may be possible to use a physiologically effective stimulus to the cerebellum for long periods of time without producing Cerebellar damage or raising the threshold for effective stimulation. The present experiments, however, were limited to a stimulation period (Fig.  11) . The irregularly contoured nucleus (n) and Golgi apparatus (g) are present, but the cndoplasmic reticulum (er) is much less organized than that in Fig. 11 . Also note the numerous lysosomes present (ly). Two of these bodies appear to contain remnants of degenerating mitochondria (iyt). Outside the plasma membrane, conducting surfaces are rare and appear to be replaced by numerous astrocytic processes that contain myriads of glial fibers (a). • 14,000. of 205 hours over 18 days and it is not known whether longer exposure to 0.5 # C / p h would eventually result in damage. Longer stimulation periods on the order of years, would undoubtedly be required in order for a neuroprosthesis to provide a valid therapeutic trial or long-run relief from the neurological disorder being treated.
The mere presence of the electrode array on the surface of the cerebellum resulted in a degree of tissue reaction. The reaction, however, did not consist of scarring, but rather was limited to thickening of the leptomeninges, attenuation of the molecular layer, and loss of Purkinje cells beneath the attenuated layer. The underlying granule layer was unchanged under the control electrodes.
The thinning of the molecular layer and loss of Purkinje cells at these control sites FIG. 14. Monkey 31 (2.4 uC/ph). Electron micrograph of tissue taken from the granule cell layer showing one complete granule cell nucleus and a portion of another (gc). Nearby are numerous astrocytic processes filled with fibrils (a). A portion of a mossy fiber terminal (mr) can be seen (upper right). Synaptic connections on its surfaces are rare, though the terminal still contains large numbers of vesicles. A large contorted electron-dense mass may be seen in the center field; this is a degenerating myelinated axon. X 10,500. may be contributed to by pulsation of the cerebellum against the Silastic pad and electrodes and also by a variable degree of capillary compression of small penetrating vessels in the superficial molecular layer. It is unlikely that there is a significant local toxic effect from the platinum electrodes) especially with the protective insulation of the pia-arachnoid membranes between the electrode surface and the brain. These mechanical or compressive effects on the cerebellar surface must be considered an unavoidable source of damage whenever such large electrode arrays are used in the confined space of the posterior fossa. The extent of this mechanical damage must be considered when estimating the quantitative extent of damage attributable to stimulation p e r se.
In the monkey examined by Tennyson, et al., TM the molecular layer beneath the control electrode was found to be of normal thickness but few Purkinje cells were found to be normal. Ultrastructural examination of these cells showed swelling of mitochondria and other cytoplasmic organelles. These changes were attributed to both the method of sampling the tissues and immersion fixation.
The extent of neural damage attributable to chronic electrical stimulation may not be fully apparent under light microscopy. In Monkey 31 (2.4 #C/ph) there was little difference in the gross appearance of cells under the stimulating and control electrodes. Electron microscopic analysis, however, revealed that only under the stimulating electrodes was there damage comparable to that reported by Gilman, et layer and deeper. At the periphery of the area covered by the stimulating electrodes, Purkinje cells showed numerous lysosomes in cytoplasm. Some of these dense bodies included segments of degenerating mitochondria, indicating an ongoing reaction to a continuing injury. Despite this, it can be said that the injury resulting from charges of 2.4 #C/ph and greater was seen only under the electrode array. This was found to be true even in Monkey 7 (22 ~C/ph), where virtually all conducting elements beneath the electrodes were abolished.
One peculiarity of the damage summarized in Table 1 is that less damage was found in Monkey 34 (4.8 uC/ph) than in Monkey 31 (2.4 uC/ph). The stimulating conditions given Monkey 34 were repeated in Monkey 81 and, as expected, more damage was found than was present in Monkey 31. These findings indicate that, at these charges and charge densities, there may not be a linear relationship between the charge and the resulting damage. Nevertheless, the extent of damage would probably be considered unacceptable for human cerebellum under all these conditions. For the other stimulating conditions there was a direct relationship between the charge density and the amount of cerebellar damage. This conclusion is supported by the following findings: 1) there was more damage to the hemisphere of Monkey 81 which received the higher charge density, even though both sides received the same charge/ph (4.8 uC); and 2) there was roughly equivalent damage to the right cortices of Monkeys 81 and 6, which received similar charge densities (141 and 147 uC/sq cm/ph, respectively) but much different charges (4.8 lzC and 10 uC/ph, respectively).
The intensity of reaction of the leptomeninges was roughly correlated to the charge densities used in these experiments. The higher the charge density the more fibrosis was found at the stimulated site (see Table 1 ). Compare, for example, the electrodes of Monkeys 5 and 7 shown in Fig. 3 . Similar fibrosis of superficial connective tissue has been reported to occur following electrical stimulation of peripheral nerve, T M spinal cord, 1~ cerebrum, 8 and cerebellumA a8
The basic mechanisms responsible for the development of scarring in the nervous system is not known. Possible by-products of current flow through platinum electrodes include pH changes, heat, gas evolution, and erosion of the platinum. Any or all of these changes could alter the local makeup of the cerebrospinal fluid (CSF) and be injurious to neurons, dendrites, and synapses. Electrochemical reactions, such as oxidation of chlorides to form hypochlorite ions, evolution of toxic organic acids, and/or dissolution of platinum ions could combine to create a toxic environment for cerebellar neurons. Such extreme changes have been suggested by Pudenz, et al. 8 and it might be predicted that diffusion of these toxic products would result in more widespread damage, as reported by Gilman, et al. 8 In our experiments such widespread damage was not found, possibly because every 8 minutes stimulation was discontinued for 8 minutes, thereby allowing CSF dilution and removal of accumulated toxic agents. In the experiments of Gilman, et al., e stimulation at 10 p.p.s, was uninterrupted for 7 hours of every 24 hours.
Alterations of the local capillary bed by electrically induced vasospasm or vasoconstriction could result in focal ischemia and hypoxic nerve damage. Such ischemia would undoubtedly alter local capillary permeability and remove the barrier set up against possible toxic agents. On the other hand, it is well known that electrical stimulation of the pia mater results in hyperemia 8 which could more rapidly remove toxic electrochemical by-products of the stimulation. Electron microscopic analysis of capillaries beneath the stimulating electrodes in our experiments indicated that they were distended but that the capillary walls appeared normal and probably capable of somewhat normal fluid exchange.
Our findings of nerve damage above a nominal charge of 0.5 ~tC/ph or 7.5 #C/sq cm/ph may be a conservative value to call "safe" for long-term stimulation. It may be possible to use charge densities about three times higher without significantly increasing observable neural damage. Such values would be closer to the nominally "safe" charge density (approximately 30 ~tC/sq cm/ph) reported by Pudenz, et aL, s to produce minimal or no nerve damage to cat suprasylvian cortex. However, a charge of 1.5 ~tC/ph to the cerebellum would be over three times greater than the value (0.45 #C/ph) found sufficient to damage suprasylvian neurons? Although our results suggest that consideration of charge density per se may serve as an appropriate guide for relatively "safe" stimulation of the human cerebellum using large electrodes, the use of smaller or larger electrode arrays or different stimulus characteristics may create new sources or mechanisms of injury to the nervous system that are not predictable from our studies.
